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Description

RELATED APPLICATION

[0001] The present application claims the benefit of priority date of U.S. provisional patent application Serial Number
62/868,730, filed June 28, 2019.

TECHNICAL FIELD

[0002] Various examples described herein relate to managing congestion in a switch.

BACKGROUND

[0003] Mesh designs for interconnecting memory or processor cores are well known. But meshes often do not provide
desirable latencywith fewest hopsanddelayaspossible.Oneapplicationof amemorydesign isassharedpacketmemory
for a high-performance, high-radix network switch fabric (requiring the memory itself to be likewise high-bandwidth and
many-ported). Low latency is an important criterion for anynetwork switch. In anEthernet switch, in particular, theEthernet
protocol (IEEE802.3‑2018) requires all bytes of a packet to be transmitted in a contiguous burstwithout gaps. If the packet
is allowed tobegin transmittingbeforeeverybyteof thepacket hasbeen read from thepacketmemory (also knownas "cut-
through" mode), there is a risk of underrun (no data available) if some subsequent part of the packet has excessive read
latency. For a viable Ethernet switch product, this riskmust bemade negligible, whichmeans controlling the tail latency of
the memory.
latencies seen at very low probability-for example, the highest read latency observed out of 1015
[0004] Ethernet switches require many megabytes of packet memory due to the unscheduled nature of arrivals.
Ethernet switchesgenerally use the followingmemoryorganization: input buffer, output buffer, and/or a completely shared
buffer. Forexamplesof bufferingandqueueing, see:MichaelG.Hluchyj andMarkJ.Karol,Queueing inHigh-Performance
Packet Switching. IEEE Journal on Selected Areas in Communications, Vol. 6, No. 9, December 1988. Input and output
buffers aremucheasier to implement because they are subdivided into small buffers, eachneedingenough throughput for
only a small group of ports (e.g. 1‑2Tbps).
[0005] However, shared memory can be more desirable, due to incast applications. In a typical transmission control
protocol (TCP) incast applications, hundredsof input flowsmaysimultaneously deliver bursts of 256KBeach to the switch.
See, for example, Yanpei Chen, Rean Griffith, Junda Liu, Randy H. Katz, and Anthony D. Joseph, Understanding TCP
Incast Throughput Collapse in Datacenter Networks. 2009 Proceedings of the 1st ACM Workshop on Research on
Enterprise Networking (WREN 2009). In a high-performance switch (e.g., 10Tbps+), input and output buffers must be
highly subdivided, and cannot each bemade large enough to hold amaximum size burst of traffic. Input buffering is better
than output buffering in this case, but it still suffers cases where many flows arrive on a single input, or an input receives
packets addressed to many congested outputs.
[0006] A 10Tbps+ switch can transmit more than 10 packets every cycle, so packets are typically stored in separate
memory banks. Because of the many factors affecting egress scheduling, there is the potential for a burst of reads to a
single bank to exceed that bank’s throughput for many cycles.
[0007] Unfortunately, high-throughput shared memory tends to have occasional high latency, which can cause under-
runs in a cut-through Ethernet switch. Tail latency refers to the worst-case read operations. Tail latency can also be
measured from a cumulative probability distribution and it can have the lowest latency X such that latency >X occurs with
probability no more than 10‑15. It is desirable to keep tail latency as low as possible.
[0008] US 2010/049942 relates to a computer inter-connect networks. US 2010/049942 discloses that processor
interconnect networks are used in multi-processor computer systems to transfer data from one processor to another. US
2010/049942uses a dragonfly topology network, comprising a plurality of processor nodesand aplurality of routers. Each
router isdirectly coupled toaplurality of terminal nodes, the routers coupled tooneanother andarranged intoagroup, such
that each group is connected to each other group via at least one direct connection.
[0009] EP 1142219 relates to data switching. EP 1142219 discloses that data arriving on input ports is routed via a non-
blockingcrossbar switch to output ports. For an inputN to transfer data toanoutputM theswitchestablishesa ’connection’
between N and M. EP 1142219 discloses that the system implements three levels of backpressure: flow, traffic manage-
ment, and core backpressure. EP 1142219 discloses that backpressure between routers is signaled via a dedicated
broadcast mechanism in the switching controller and switching matrix.

BRIEF DESCRIPTION OF THE DRAWINGS
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FIG. 1A shows an example of a routing scheme for a mesh that can be used for packets or other data.
FIG. 1B depicts an example of a write request traversing a mesh to a tile.
FIG. 1C depicts an example switch.
FIG. 2 shows a latency cumulative distribution function (CDF) example.
FIG. 3A depicts an example implementation of aspects of a mesh.
FIG. 3B depicts an example of a memory block including a multicast tile cache and the tile’s memory.
FIG. 3C shows an example in which a multicast tile cache delivers incremental tail latency improvement for a
simulation.
FIG. 3D shows an example structure for a mesh tile.
FIG. 4A shows an example of a southbound (SB) request bus.
FIG. 4B shows an example of northbound (NB) response bus.
FIG. 5A depicts an example of an east-west request path.
FIG. 5B depicts an example of an east-west response path.
FIG. 6A depicts an example of effect on tail latency using multicast or table lookups.
FIG. 6B depicts an example backpressure system.
FIG. 6C illustrates incremental tail latency improvement from multicast tile cache.
FIG. 7 depicts an example process that can be used at a node in a mesh.
FIG. 8 depicts a system.
FIG. 9 depicts an example of a data center.
FIG. 10 depicts an example environment.

DETAILED DESCRIPTION

[0011] This invention is defined by the appended claims. A memory mesh allows dense packing of memory banks,
reducing memory contention, but introduces shared bus resources that occasionally cause even higher latency. For
example, 10 operationsmay be waiting to gain access to a bus, but it may take 100 cycles for these operations to all pass
through the bus due to contention for the bus. If the egress port begins cut-through transmission within 100 cycles of the
first word passing through the mesh (as generally desired) then underrun can occur.
[0012] Previous network on chip (NoC)work optimizes throughput,minimum latency, and average latency, but does not
directly address occasional high latency. This is a problem for Ethernet cut-through operation, whichmust read data from
the mesh in time for transmission. Accordingly, a challenge is to achieve acceptable average latency and tail latency.
[0013] Variousembodimentspermit useof a large, high-bandwidth,many-portedon-diememorymeshasaswitchwhile
potentially achieving both low average read latency and low tail latency. Themesh can be used for an Ethernet switch that
supports receipt and transmission (ingress and egress) of Ethernet compliant packets. Ethernet is described for example
in IEEE802.3‑2018. Amesh can include an array of tiles. A tile can includemultiple nodes,where a node can include abus
to transfer operations arriving or departing in a particular direction. A tile can also include a memory block.
[0014] Various embodiments generate and use a latency estimate for operations at egress from a node, where latency
estimate can be an estimate of time from packet segment fetch to packet transmission from an egress port. At points of
queueingandarbitrationwithina tile in themesh, suchaschangesof directionor terminationof anoperationbystorageata
tile, operations are sorted to favor passthrough of the operation with the highest latency estimate. As the operation
progresses through the mesh, the latency estimate may increase as the operation encounters congestion.
[0015] Various embodiments can potentially exponentially reduce the probability of encountering high latency (as a
function of the latency target). For example, in Ethernet applications, for a 50Tbps mesh, the effective latency required to
achieve underrun probability below 10‑15 can be reduced from 249 cycles to 76 cycles. Finally, at least because various
embodiments can use simple XY direction routing, lower average latency can be achieved than prior work that is focused
on throughput and average latency.
[0016] Various embodiments can include amesh that provides trafficmanagement in a datacenter, server, rack, blade,
inter-component communication within a datacenter, and so forth. For example, north-south traffic or south-north traffic
can include traffic that is received an external device (e.g., client, server, and so forth) but can include internal data center
traffic (e.g., within a rack, server, between virtual machines, between containers). For example, east-west traffic or west-
east traffic can include internal data center traffic (e.g., within a rack, server, between virtual machines, between
containers), but can include traffic that is received an external device (e.g., client, server, and so forth).
[0017] Various embodiments can be used in any wired or wireless network (e,g., 3GPP LTE, 3GPP 5G, IEEE 802.11,
satellite mesh network (e.g., Iridium, Starlink).
[0018] FIG. 1A shows an example of a routing scheme for a mesh that can be used for packets or other data. For
example, packets can be Ethernet compliant, or other standards such as InfiniBand, Omni-Path, Token Ring, Fiber
Distributed Data Interface (FDDI), Myrinet, and so forth. For example, a mesh can be a 50Tbps rectangular mesh with
routing in X or Ydirections. Consider the specific example of the following 50Tbps rectangularmesh consisting of 128 tiles
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with each tile containing 1MB of memory (or other size). This mesh uses XY request routing and YX response routing
wherebya request can travel horizontallyuntil reaching its target column, then turns thecorner tocontinue toamemory tile.
For example, a response can travel vertically until it reaches its target row, then turns the corner to continue to an edge
interface. Any other traversal pattern can be applied. At 100%utilization, thismeshwould accept a total of 32 reads and32
writes from the left edge, and as many from the right edge. Assuming random data allocation, minimum needed vertical
wiringcanbeachieved.Onaverage,32 read requestswouldneed topassbetween theupperand lowerhalvesof themesh
each cycle, using all of the vertical wiring that connects the upper and lower halves. Note that for the purposes of
demonstrating utilization, these are on the left and right edges.
[0019] Shared resources in a mesh introduce occasional high latency which are an issue in Ethernet applications, as
explained above. At 90% or higher mesh utilization, with a 100 cycle transmission delay after the first word has been
fetched from the mesh, some mesh examples will underrun more than once per 106 words, which is not acceptable in a
switch application. This happens regardless of whether a fixed priority or round-robin arbitration rule is used for resolving
contention across nodes. However, Ethernet products require a bit-error rate of at most 10‑14. For a word size of 512 bits,
this provides a budget of 2 underruns per 1012 words.
[0020] At least to reduce tail latency and average latency, various embodiments attempt to prevent an operation from
waiting too long an amount of time to turn a corner in amesh (e.g., north-to-east, north-to-west, south-to-east, or south-to-
west) or terminate at a destination device. In some examples, at all points of queueing and arbitration within the mesh,
operations are sorted to favor the operation with the highest latency estimate. Various embodiments associate a latency
estimate to each operation. The latency estimatemay be theminimumpossible time that the operationmust remain in the
mesh. For example, various embodiments associate the following latency estimate to each operation is the minimum
possible time that the operation must remain in the mesh.
[0021] For example, various embodiments associate the following latency estimate to at least some operations:

latency estimate = (time spent in mesh) + (minimum time to traverse remaining distance), where minimum time to tra-
verse remaining distance = (number of hops remaining from current tile to the memory tile, plus hops from the mem-
ory tile back to the requesting agent on the edge) * (cycles required per hop).

[0022] The minimum time to traverse remaining distance can be the sum of all minimum hop delays along the path the
operation will take. For example, if all hops take N cycles in the absence of congestion, then theminimum time to traverse
remaining distance is the number of hops multiplied by N.
[0023] As an operation progresses through the mesh, the latency estimate may increase as the operation encounters
congestion (and therefore spends more time waiting without progressing). However, using the latency estimate formula
introducedabove, the latencyestimate does not increasewhenanoperation travels in a straight line,which canbeused to
optimize average latency.
[0024] Randomized access can be used in banked, scalable packet memory. Because a large switch has a large
number of queues, and the scheduling of these queues is complex (due to supporting many different applications), there
are many different possible correlations between the allocation and readout times of packet data. Addresses can be
randomized tominimize theprobability of a largenumber of simultaneous reads to the samebank. Address randomization
can be achieved by scrambling (i.e., randomly permuting) the pool of free addresses. This is done both initially and when
addresses are recycled. Tomake this effective, aminimumaverage of at least 1 address permesh tilemust bemaintained
in a free pool. For unicast operations, each address can be determined pseudo-randomly, and is written and read exactly
once, and therefore the accesses are pseudo-random.
[0025] If memory allocation needs to be on a coarser granularity than thememory width, addresses within an allocation
block can be striped across different columns of the mesh, so that reading all words of an allocation block does not cause
contention on individual tiles or column buses. Further, the column allocation can be rotated for different allocation blocks,
so that column usage is balanced when the allocation blocks are partially filled.
[0026] FIG.1Bdepicts anexampleof awrite request traversingamesh toa tile. FIG. 1Balsoshowsanexampleof a read
requestmade to the tile aswell as read response. The tile can includea cacheormemorydevice (e.g., 1megabyte or other
size).
[0027] FIG. 1Cdepicts an example switch. Various embodiments can be used in orwith the switch of FIG. 1C tomanage
flow of operations among nodes of a mesh. Switch can route packets or frames of any format or in accordance with any
specification fromany port 102‑0 to 102-X to any of ports 112‑0 to 112-Y (or vice versa). Any of ports 102‑0 to 102-X can be
connected toanetwork of oneormore interconnecteddevices.Similarly, anyof ports 112‑0 to112-Xcanbeconnected to a
network of one or more interconnected devices.
[0028] Switch 104 can use ingress system 106 to process received packets from a network. Ingress system 106 can
decide which port to transfer received packets or frames to using a table that maps packet characteristics with an
associated output port or other calculation. Switch 104 can use egress system 108 to fetch packets from mesh 110,
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process packets, schedule egress of packets to a network using one or more ports, or drop packets. In addition, egress
system 108 can perform packet replication for forwarding of a packet or frame to multiple ports and queuing of packets or
frames prior to transfer to an output port.
[0029] FIG. 2 shows a latency cumulative distribution function (CDF) for a 50Tbps working mesh example. The
horizontal axis (X) is in cycles, and the vertical axis (log scale) is the probability of a read operation having roundtrip
latency greater than or equal to X. The graph illustrates that sorting and favoring by higher latency estimate can
substantially lower the probability of reaching a given latency above 48 cycles. In some cases, below 48 cycles, the
latency is dominated by travel time through the mesh, and therefore cannot be improved without improving the physical
design of the mesh.
[0030] When underrun probability is to be reduced below 10‑15, as in the case of Ethernet applications, sorting and
favoring by latency priority can reduce latency by more than a factor of 2, as summarized in the following table:

Utilization Underrun probability latency (no sorting) latency (with sorting) latency reduction by sorting

80% 10‑5 52 47 9%

80% 10‑10 95 52 45%

80% 10‑15 (est) 138 57 59%

90% 10‑5 89 48 46%

90% 10‑10 169 62 63%

90% 10‑15 (est) 249 76 69%

[0031] FIG. 3A depicts an example implementation of aspects of a mesh. Port groups 302‑0 to 302‑3 provide an input
and/or output port to anetwork. In someexamples, a port group (PG)has16switch ports and connects to 2meshports, but
other configurations can be used. A PG 302 provides packets in any format including Ethernet, InfiniBand, Omni-Path,
Token Ring, FDDI, or Myrinet, and others. A PG 302 includes a scheduler and one or more queues (not shown). The
scheduler (e.g., multiplexer) in a PG 302 determines which packets to egress from a queue. A packet is queued and
processed to extract a priority value from the packet, to determine the next hop, and to calculate a queue ID. The queue ID
is typically a function of the priority value and the next hop. A queue can have a maximum depth.
[0032] Multicast (MC) edge caches 304‑0 to 304‑3 can be implemented at the mesh boundary for a group of readers to
attempt to limit the worst-case concurrent reads to the same address. For example, if there are 32mesh ports and anMC
edge cache 304 covers 1 port group and uses 2 mesh ports, then the MC edge cache 304 allows amaximum of 16 reads
fromanyaddress to concurrently enter themesh core. For example, if 10 copies of packet are sent per port group, a packet
is read once per port group, and replication happens using the MC (edge) cache 304, which provides copies as read
responses.Useof anMCcache304allows for a readgroup tonot begrouped together and tobeseparately issued.AnMC
cache304discovers thatmultiple requests aremade to theMCcache304andone read is executed. For example, request
buffers305‑0 to305‑3canbeused to storeoutstanding requests for packet(s) in respectiveMCcaches304‑0 to304‑3.For
example, anMCcache304 cansearch for outstanding read requests in a request (req) buffer 305 for the samepacket sent
to the mesh with no response provided yet. For example, a content addressable memory (CAM) can be used indicate
outstanding requests and comparesnew requests against the list of outstanding requests. For example, anMCcache304
can accumulate all requests for the same data into a single list and generate all responses in the list upon receiving the
response to the single request that was sent to the mesh, by replicating the response data.
[0033] MC cache 304 can limit re-requests for the same piece of data or packet. MC cache 304 can be sized for typical
multicast read bandwidth and latency. MC cache 304 can also, or alternatively, enqueue requests when a multicast (or
table) read is launched and provide for a request to be forwarded to the mesh if there is not already a request to the same
address.
[0034] One ormore tiles of themesh can include anMC tile cache 306. Note thatMC tile cache 306 can refer tomultiple
separate independently operating tile caches or a single shared cache. MC tile cache 306 provides caching within each
tile. MC tile cache 306 can store entries such as 4 entries or another number of entries. MC tile cache 306 services multi-
cast reads to an address at a faster rate than that of static random accessmemory (SRAM). An operation that arrives into
the MC tile cache 306 can be stored and MC tile cache 306 can provide multiple copies of same operation as output. A
packet can include multiple operations and an operation can be a response. MC tile cache 306 allows a packet to be only
written once so that there is one copy of a packet in a mesh 300 at a time to use lessmemory and less throughput and not
the throttle ingress port because of writes.
[0035] Note that inFIG.3A,CDCcan refer to clockdomaincrossing.GMMcan refer toglobal andmemorymanagement.
MIG can refer to a mesh interface to GMM.
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[0036] FIG. 3B depicts an example of amemory block including anMC tile cache and the tile’s memory. For example, a
memory block can include amulticast (MC) tile cache 310 and four static random-accessmemory (SRAM) banks 312 and
support two routing planes and the read after write (R-A-W) CAM discussed below. For multicast performance improve-
ment, the mesh may include a multicast tile cache 310 with a memory block. Multicast tile cache 310 can be particularly
helpful at least if individual banks in SRAM 312 are slower than themesh routing fabric. An operation stored in theMC tile
cache310allows theMCtile cache310 toprovidemultiple copiesof thesame response fromSRAM312, so that theSRAM
312 is read only once.
[0037] Multicast tile cache 310 canbe relatively small. For example,multicast tile cache 310 can be, e.g., 1‑4 entries per
tile. In situations where there are not very many different multicasts hitting the same tile at the same time, due to the large
number ofmesh tiles. There can bemany requests originating from the samemulticast packet, but that is supportedwith a
relatively small sized cache.
[0038] Invalidating a cache entry in MC tile cache 310 can occur when the read value is returned would be sufficient to
prevent concurrent reads into themesh. Invalidatingacacheentry inMC tile cache310canoccur onwrite. This is possible,
in part, becauseMC tile cache 310 sees all thewrites, becauseMC tile cache 310 is present at the tile beingwritten. This is
in contrast to the edge cache (described later), which does not see all the writes because they come from a different port
group. Additional invalidations may be used to avoid address cache recycling hazards, as explained below.
[0039] However, there is no guarantee in memory that two operations occur in an order launched. For example, if
operation1 is requestedbefore operation2, operation1 could start before operation2but operation2 could complete before
operation1completes. If operation2 isa readandoperation1 isawrite, then it is desirable for operation1 tocompletebefore
operation2 starts to assure that a read operation reads the proper written information.
[0040] Semaphore CAM 314 provides for a semaphore bit (e.g., 1 bit per memory address or more bits) for a memory
region.Aword in thememoryusesa togglebit,which isalsocarriedwitheachpointer in thesystem.Whencontent iswritten
into amemory location, the semaphorebit is toggled. A readoperation is issuedwith a value to expect in the semaphorebit
in order to perform a read. Read requests include the expected toggle bit value. If an expected semaphore bit does not
match thesemaphorebit stored, the readoperation canwait until expectedsemaphorebit valueoccurs, subject toaceiling
onwaiting time (or read timeout) before commencingwith the read. In someexamples, thememory can support polling for
a write. A read operation can commence and the written semaphore bit is returned. If a written semaphore bit is not an
expected value, one or more duplicate read requests can be issued until an expected semaphore bit value is read.
[0041] Note that for a unicast ormulticast packet, one ormore writes can bemade and onewrite in a sequence of writes
causes a toggle of the semaphore bit.
[0042] Latency of returning a write acknowledge can be avoided by using a semaphore mechanism to maintain read-
after-write sequencing. Because awrite is likely to complete before a subsequent read request reaches thememory bank,
the semaphore stalls do not substantially affect the latency distribution.
[0043] This semaphore introduces a potential hazard if writes may be discarded without being read. The write is not
acknowledged in anyway, and it is theoretically possible that an unacknowledgedwrite could be committed in error after a
later write request. This problem may be avoided by performing dummy reads on discarded data.
[0044] Alternately, a minimum delay can be enforced by the memory allocation mechanism before reusing a discarded
or freed address. A system in the mesh can detect and report any write request latency estimate that exceeds that
minimum reuse delay (since themesh is already sorting all write requests by latency estimate).When the latency estimate
of anywrite request exceeds thatminimum (which should be rare), anallocationmanager extends the reuse delayuntil the
condition is cleared, meaning that the high-latency write request has been committed to memory.
[0045] FIG. 3C shows an example in which a multicast tile cache delivers incremental tail latency improvement for a
simulation with a 16-entry MC tile cache.
[0046] FIG.3Dshowsanexamplestructure foramesh tile.Amesh tile can includenodes reqX, reqY, rspX,and rspY,and
amemory block (shown as mem) (previously introduced in FIG. 3B). Fast paths, shown as solid lines, are connections to
adjacent tiles, andare usedwhenanoperation continues in the samedirection through themesh.Slowpaths, indicated by
dotted lines, areusedwhenanoperation turnsacorneroraccesses localmemory (e.g.,mem).A request turning thecorner
passes from reqX to reqY whereas a response passes from rspY to rspX.
[0047] An advantage, but not a necessary feature, of some embodiments is that it can provide low average latency. For
most of the cycles, operations travel in a straight line. In a mesh example, on average, an operation travels 4 hops
horizontally, turns, and then travels 8hops vertically. Therefore, latency canbe reducedor not increased fromhavinga fast
path structure that continues moving the operation in its current direction.
[0048] FIG. 4A shows an example of a southbound (SB) request bus. For example, north-south traffic or south-north
traffic can include traffic that is received an external device (e.g., client, server, and so forth) but can include internal data
center traffic (e.g., within a rack, server, between virtualmachines, between containers). The southbound request bus can
receive request operations that are to continue in the north-to-south (fast path) direction to a tile or have turned off of a
horizontal request bus (e.g., east-to-west or west-to-east) and are to proceed south. The fast path receives input traffic
from a connected tile. There are at least 3 cases where an operation (e.g., read or write request) exits the fast path. First,
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theoperationhas reached its destination tile.Second, theoperationencounters a turningoperationor aqueuedoperation.
Third, backpressure is applied whereby the consuming interface does not have enough remaining queue storage to hold
another operation.
[0049] For example, an operation continues on the fast path from a previous tile unless a packet is available in transmit
queue 408 or there is backpressure from another tile (e.g., tile to the south). If transmit queue 408 is empty and there is no
backpressure, and theoperation is not being droppedoffat the localmemory, then the operation continues on the fast path
southbound.
[0050] Tohelp keep fast path latency down, arbitration canbeavoided on the fast path by pulling anoperation off the fast
path when the operation turns or terminates at the tile or the operation encounters another operation that is turning
(changing at 90 degrees or terminating at the tile). Most of the operation’s cycles are not spent in contention. This means
that both the contention and turns cases can be handled off the fast path, at additional latency cost, without contributing
substantially to the overall latency. For a 16x8mesh example, even at full throughput, this is expected to occur on only 2 of
the8 typical hopswithin a request column.Onanygivencycle, eachcolumn isprocessing4 turns.But onaverage, only 2of
theseoverlapwithanexistingoperation. In thisexample, under full load, 75%of thestraight-linehopscanuse the fast path.
At lower loads, even more hops use the fast path.
[0051] An operation can be a request or response. A request can be a read or write. A request can include an address
and tile address, as well as the requester PG (to be able to return the response to the correct PG). A response to a write is
not needed in the semaphore embodiments described herein. A response includes data, and does not need to include the
address, as that has already been consumed. If responses do not include the address, then all operations need an
operation ID to distinguish the operations. If an MC edge cache is not used, then, for the purposes of distinguishing
responses, an operation ID can be used instead of an address because an operation ID is unique.
[0052] A request bus can use a drop off router that includes a fast path demultiplexer 402, drop off queue 404, and drop
offdemultiplexer 406.A transmit queuecan includeoneormorequeueof transmit queue408. Fast pathdemultiplexer 402
maydeliver anoperation: (a) to a tile below (continuing in the samenorth-to-south direction on the fast path), (b) for dropoff
to local memory via drop off queue 404, or (c) to a drop off queue 404 due to congestion. For example, drop off queue 404
receives operations from fast path demultiplexer 402 that encounter contention that are to traverse the north-to-south
direction.
[0053] In someexamples, the dropoff router includesa transmit queue. In someexamples, the dropoff router includes a
separate queue from the transmit queue and the drop off router is to sort operations to permit output of an operation with a
highest latency estimate. In some examples, the drop off router has a separate queue from the transmit queue and the
transmit queue is to sort operations to permit output of an operationwith a highest latency estimate. Thedrop off router can
deliver operations to a low-latency fast path that skips latency sorting and aging, except in the following cases: the
operation has reached a destination memory device, the operation encounters a turning operation, or backpressure is
applied by a node connected to the second node.
[0054] Packets that exit the fast path are stored in dropoff queue 404. Packets in dropoff queue 404 receive a latency
estimate (e.g., stored in latency estimate 405 inmemory). Packets in dropoff queue 404 could feed transmit queue 408 or
be provided for termination at a local memory. Note that for each cycle that an operation is waiting in a queue, its latency
estimate must be incremented.
[0055] In some embodiments, drop off queue 404 can support multiple unicast and multicast operations. For example,
drop off queue 404 can be allocated to store 4 unicast operations to 2multicast operations, although other sizes and ratios
can be used. Drop off queue 404 can provide operations to drop off demultiplexer 406. Demultiplexer 406 can provide
operations to a local memory or transmit queue 408 for continued traversal in the north-to-south direction subject to
scheduling.
[0056] Transmit queue 408 can include one or more queues. Transmit queue 408 holds operations waiting to enter (or
re-enter) the fast path. If a request is received from a left or right tile (eastbound or westbound bus), or if a non-dropoff
request is received from the tile above (north) and a queue in transmit queue 408 is already non-empty, then the received
request is provided to a queue in transmit queue 408. If a request is received from a left or right tile (eastbound or
westbound bus), or if a non-dropoff request is received from the tile above (north) and a queue in transmit queue 408 is
already non-empty, then the received request is provided to a queue in transmit queue408. If a request is addressed to the
local memory, input traffic is provided to the local memory.
[0057] Transmit queue408canbeused to support traffic fromaneast orwest tile that is to proceed in the southdirection.
In some examples, one or more queues among transmit queue 408 are used for requests that are from a westbound
operation andoneormorequeuesamong transmit queue408are used for requests that are fromaneastboundoperation.
But a queue can support traffic from any direction.
[0058] Operations (e.g., requests) in transmit queue 408 can have an associated latency estimate determined and
stored in latency estimate 409 inmemory, determined in amanner described earlier. In addition, a latency estimate can be
calculated for operations fromaneast orwest tile and in transmit queue408. For requests in transmit queue408, a request
with the highest latency estimate is placed at the front of transmit queue 408. An oldest request is selected based on timer
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and latency estimate to go out of turn arbiter 410 for providing to fast path multiplexer 412 and will receive priority over a
south traveling packet on the fast path. If an operation from turn arbiter 410 enters the fast path and is prioritized over the
packet on the fast path, the operation on the fast path is placed into dropoff queue 404.
[0059] Aqueue in transmit queue 408 can include slots allocated for unicast operations and slots allocated formulticast
operations. In someexamples, theslotsallocated for unicast operationsandslotsallocated formulticast operationscanbe
the same number or ratio, but other ratios can be used.
[0060] In some examples, a packet has a designation of whether it is multicast or unicast. Operation priority applied by
turn arbiter 410 for entering the fast path can additionally or alternatively be assigned based on whether a packet is
multicast or unicast. Multicast packets have a lower priority than unicast packets. As is described in more detail later, a
creditmechanism for backpressure for filled queues are separate for unicast versusmulticastwith priority given to unicast.
[0061] A northbound (south-to-north) request bus can use a similar scheme but the fast path goes from south to north.
[0062] FIG. 4B shows an example of northbound (NB) response bus. Fast path multiplexer 420 can receive responses
from another tile. The response can continue northbound if the response is not to be dropped off at the tile (e.g., to a
memory), there is nobackpressure fromanother tile, andnodisplacement (e.g., another response is toenter the fast path).
[0063] If the response is to exit the fast path, the response is provided to drop off queue 422. A latency estimate can be
determined for the response placed in drop off queue 422. An example latency estimate determination is provided earlier.
In some examples, drop off queue 422 can have slots allocated for unicast andmulticast operations (e.g., responses). For
example, drop off queue 422 can have four times a number of slots allocated for unicast than slots formulticast operations
(e.g., responses), although other ratios can be used.
[0064] Dropoff multiplexer 424 can direct operations to a westbound direction tile, an eastbound direction tile, or to the
fast path in the northbound direction. Transmit queue 426 can receive operations from drop off multiplexer 424 or local
memory for transmission in the northbound direction.
[0065] In some examples, transmit queue 426 can have slots allocated for unicast and multicast operations (e.g.,
responses). For example, transmit queue 426 can have two times a number of slots allocated for unicast than slots for
multicast operations (e.g., responses), although other ratios can be used.
[0066] Turnarbiter428canselect anoldest response from transmit queue426basedon timerand latencyestimate togo
to fast path multiplexer 430. For example, latency estimate 425 can determine and store latency estimates for some
responses in transmit queue 426. Fast path multiplexer 430 can provide response for traversal on the fast path in the
northbound direction and will receive priority over a north traveling packet on the fast path.
[0067] In someexamples, apackethasdesignationofwhether it ismulticast or unicast.Operationpriority appliedby turn
arbiter 428 for entering the fast path can additionally or alternatively be assigned based onwhether a packet ismulticast or
unicast. Multicast packets have a lower priority than unicast packets. As is described in more detail later, a credit
mechanism for backpressure for filled queues are separate for unicast versus multicast with priority given to unicast.
[0068] A southbound (north-to-south) request bus can use a similar scheme but the fast path goes from north to south.
[0069] FIG. 5A depicts an example of an east-west request path. For example, east-west traffic or west-east traffic can
include internal data center traffic (e.g., within a rack, server, between virtual machines, between containers), but can
include traffic that is received an external device (e.g., client, server, and so forth). A packet that is eastbound continues on
a fast path. However, if a packet changes directions or terminates at a destination (e.g., memory), multiplexer 502 places
the packet into transmit queue 504. Transmit queue 504 is a priority queue with sorted order whereby a packet (e.g.,
request)withhighest latencyestimate isalwaysput to the front to reduce its latency.Forexample, latencyestimate505can
determineandstore latencyestimates for some responses in transmit queue504.Transmit queue504providespackets to
drop off demultiplexer 506 for routing to a destinationmemory device, northbound direction to another tile, or southbound
direction to another tile.
[0070] Dropoffdemultiplexer 506 canprioritize forwarding of operations that areunicast overmulticast operations.As is
described in more detail later, a credit mechanism for backpressure for filled queues are separate for unicast versus
multicast with priority given to unicast. In some examples, transmit queue 504 can include five times a number of slots for
unicast operations as slots for multicast operations, although other ratios can be used.
[0071] In an example mesh, there are no turns onto ReqX. The sequence is ReqX to ReqY to RspY to RspX (with the
exception that steps are skipped if memX = portX or memY = portY).
[0072] A west-to-east request path can use a similar scheme but the fast path goes from west to east.
[0073] FIG. 5B depicts an example of an east-west response path. A packet (operation) continues on the fast path
unless another packet is available in drop off queue 512 or transmit queue 514 or there is backpressure. For example,
backpressure can occur if there are no credit from a next tile that is to receive operations from the response path. For
example, displacement can occur from operations entering the fast path from an output of arbiter 518. If there is no
operation in drop off queue 512 or transmit queue 514 and there is no backpressure, then any packet from the fast path
continues west bound.
[0074] Drop off queue 512 can receive operations (responses) that exit the fast path because of displacement or
backpressure. For example, an operation on the fast path is placed into drop off queue 512 if a packet from arbiter 516
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enters the fast path or backpressure occurs. Transmit queue 514 can receive northbound operations from another tile,
southbound operations from another tile, or responses from a memory device.
[0075] Latency estimate 515 can determine and store a latency estimate for responses in drop off queue 512 and/or
transmit queue 514. The response in drop off queue 512 or transmit queue 514 with a longest latency estimate is to enter
the fast path using arbiter 516 and518 regardless ofwhether fromdrop offqueue 512or transmit queue 514. For example,
a response in drop off queue 512 or transmit queue 514with the highest latency estimate is placed at the front of its queue
(e.g., drop off queue 512 or transmit queue 514). Arbiter 516 sorts operations in drop off queue 512 or transmit queue 514
by latencyestimate toat leastpartially address the tail latencyproblem.Thissortingandarbitrationmay takeseveral cycles
but has a limited effect on overall latency due to this occurring on a small minority of the operation’s hops. An oldest
response is selected based on a latency estimate to output from arbiter 516 for providing to arbiter 518 and will receive
priority over an east-west traveling operation on the fast path.
[0076] In some embodiments, drop off queue 512 can support multiple unicast and multicast operations. For example,
drop off queue 512 can be allocated to store 4 unicast operations to 1multicast operations, although other sizes and ratios
canbeused.Likewise, in someembodiments, in someembodiments, transmit queue514cansupportmultipleunicast and
multicast operations. For example, transmit queue 514 can be allocated to store 2 unicast operations to 1 multicast
operations, although other sizes and ratios can be used.
[0077] In some examples, a drop off router can include demultiplexer 510 and drop off queue 512. In some examples, a
transmit queue can include drop off queue 512 and one or more of transmit queues 514.
[0078] A west-to-east response path can use a similar scheme but the fast path goes from west to east.
[0079] FIG. 6A depicts an example of effect on tail latency using multicast or table lookups. Due to the large die area
consumed by a deep shared memory, it is desirable to be able to use this memory for multicast and table lookups. These
casesuseadifferent approach (versusunicast) because reads to thesameaddressarehighly correlated. For anexample,
a comparison is made between the all-unicast case to a case where 30% of the egress traffic is multicast, where each
packet is copied to 16 mesh ports.
[0080] More specifically, FIG. 6A showscumulative distribution function (CDF) latency for three scenarios. First, without
multicast (Mcast) where unicast latency without multicast. Second, with Mcast where unicast latency with multicast
present (without any design enhancement for multicast). Third, withMcast (lower priority) which involves lowering priority
of the multicast requests (by subtracting an offset from the latency estimate, but not introducing a virtual plane).
Accordingly, a virtual plane can be part of the solution to prevent unicast latency from being affected by multicast.
[0081] Some of a queue’s slots (e.g., any of queues 404, 408, 422, 426, 504, 512, or 514) are dedicated to store unicast
operations. Additional queue slots can either be dedicated to multicast or shared by unicast and multicast. The two
resulting types of multicast and unicast queue slots use separate backpressure schemes.
[0082] For north-south, south-north, east-west and west-east request or response directions, backpressure is used to
prevent operations (e.g., requests or responses) from being lost when a queue fills so that queues have space for traffic.
For example, backpressure tells a connected node if a drop off queue or transmit queue is full. Drop off queue or transmit
queue depth utilization can follow a statistical distribution with a long tail similar to the latency distribution. Therefore, the
queues can fill with some small probability no matter their depth.
[0083] FIG. 6Bdepicts anexample backpressure system.Amulticast virtual planeprovides thatmulticast backpressure
does not affect unicast operations. For unicast, a separate backpressure mechanism is used from a backpressure
mechanism for multicast. When supporting the virtual plane, separate credits are provided for the multicast operations
than for unicast operations. In someexamples, signals that directly enable transmissionwhenasserted (e.g., encoded via
XON/XOFF) can be used for backpressure. XON/XOFF can bemessages that control transmit rate. The dedicated plane
may be implemented as a full routing plane (complete with separate wires and queues), or as a virtual plane (either time
division multiplexing (TDM) or strict higher priority for unicast).
[0084] Implementing point-to-point backpressure between adjacent tiles or nodes is sufficient to minimally affect
performance. It is also possible to use end-to-end credits (passing credit to source node), which is simple to implement
in the horizontal request bus. End-to-end credits can be more efficient because they prevent contention at one tile from
affectingdropoff toother tiles. Forend-to-endcredits ormulticyclehandshake loops, credits canbemoreefficient because
they allow some transmission (albeit at lower throughput) when buffers are partly full. If using a faster, single-cycle
handshake, then there is no advantage to credits because normal transmission is allowed even when the buffer is nearly
full.
[0085] Various embodiments provide a dedicated plane for multicast and table lookups. Table lookups can be used in
packet processing. For example, a table lookup can be used for looking up the next hop entry in Internet Protocol (IP)
routing. Because multicast and table lookups have correlated reads, they will have higher tail latency. Fortunately, tail
latency is not asmuch of a concern in these cases, as there is typically no underrun hazard.Multicast packets are typically
stored before transmission starts, therefore there is no underrun hazard. Table lookups typically occur during routing and
packet transformation decisions that must occur before transmission starts, and therefore there is no underrun hazard.
[0086] The dedicated plane may be implemented as a full routing plane (complete with separate wires and queues), or
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as a virtual plane (either TDM or opportunistic) within the existing structure.
[0087] Given the performance requirements discussed above, the multicast plane needs only enough resources to
progress, whereas the unicast plane needs additional queue slots to reduce tail latency. For multicast backpressure,
multiple copies of a packetmade by switch are sent throughmesh at same or different times. Accordingly, a queue size for
drop off or transmit queues are notmade bigger than needed. In addition, priority queues cost area roughly proportional to
their depth.Therearediminishing returns toaddingadditional buffer slots, because theprobability of using theextra slots is
low. For example, to support 30% egress multicast in the 16x8 mesh, with minimized unicast tail latency, the drop off
queues could be given 4 unicast slots, but only 2 multicast slots or a ratio of 2 unicast slots to 1 multicast slot.
[0088] FIG. 6C illustrates incremental tail latency improvement from multicast tile cache (simulated with a 16-entry tile
cache). This graph assumes that a virtual plane is implemented, which is why multicast traffic has a negligible effect on
unicast latency.
[0089] FIG. 7 depicts an example process that can be used at a node in a mesh. At 702, the process receives an
operation at a node. An operation can include a request command, response command, data, a packet, metadata,
addresses, or other information. At 704, a determination is made as to whether there is a change in direction of the
operation, termination of the operation at the node, another operation is available in an output queue, or whether
backpressure is applied. For example, the operation is to continue in the same direction unless there is a change of
direction of the operation, termination of the operation at the node, another operation is available in an output queue at the
node, or backpressure is applied. If there is a change of direction of the operation, termination of the operation at the node,
another operation is available in an output queue at the node, or backpressure is applied, then 706 follows. If the operation
does not change direction, the operation does not terminate at the node, no operation is available in an output queue, and
backpressure is not applied, then 712 follows.
[0090] At 706, the process places the received operation in an intermediate queue. Operations in the intermediate
queue can also include operations to amemory block (e.g., memory drop off), or to another tile in a different direction. For
example, operations to a memory block can include providing the operation to a memory connected to the node. For
example, if a direction of the operation was southbound or northbound, a change of direction can be to westbound or
eastbound. For example, if a direction of the operation was westbound or eastbound, a change of direction can be to
southbound or northbound. Operations in an intermediate queue can be advanced to an output queue.
[0091] At 708, a latency estimate is determined for operations in the intermediate queue and/or output queue. The
intermediate queue can be a drop off queue. The output queue can be a drop off queue and/or transmit queue. A latency
estimate canbedetermined inaccordancewithexamplesdescribedherein. For example, latencyestimate= (timespent in
mesh) + (minimum time to traverse remaining distance), whereminimum time to traverse remaining distance= (number of
hops remaining from current tile to the memory tile, plus hops from the memory tile back to the requesting agent on the
edge) * (cycles required per hop).
[0092] At 710, the process permits the operationwith thehighest latency estimate in theoutput queue to egress from the
node. The operation with the highest latency estimate can be an operation that has spent an estimated most time
traversing amesh of a switch fabric. In some examples, the operation with highest latency estimate in the output queue is
allowed to egress from the node if no backpressure is applied.
[0093] At 712, the process permits the operation that does not change direction or terminate at the node to egress to a
next node. The next node can be in north, south, east, or west direction relative to the node.
[0094] FIG.8depictsasystem.Thesystemcanuseembodimentsdescribedherein toprovidedata toor from thesystem
to another device through a mesh or fabric. System 800 includes processor 810, which provides processing, operation
management, andexecutionof instructions for system800.Processor810can includeany typeofmicroprocessor, central
processing unit (CPU), graphics processing unit (GPU), processing core, or other processing hardware to provide
processing for system 800, or a combination of processors. Processor 810 controls the overall operation of system 800,
and can be or include, one or more programmable general-purpose or special-purpose microprocessors, digital signal
processors (DSPs), programmable controllers, application specific integrated circuits (ASICs), programmable logic
devices (PLDs), or the like, or a combination of such devices.
[0095] In one example, system 800 includes interface 812 coupled to processor 810, which can represent a higher
speed interface or a high throughput interface for system components that needs higher bandwidth connections, such as
memory subsystem820or graphics interface components 840, or accelerators 842. Interface 812 represents an interface
circuit, which can be a standalone component or integrated onto a processor die. Where present, graphics interface 840
interfaces tographicscomponents forprovidingavisual display toauserof system800. Inoneexample, graphics interface
840 can drive a high definition (HD) display that provides an output to a user. High definition can refer to a display having a
pixel density of approximately 100 PPI (pixels per inch) or greater and can include formats such as full HD (e.g., 1080p),
retina displays, 4K (ultra-high definition or UHD), or others. In one example, the display can include a touchscreen display.
In one example, graphics interface 840 generates a display based on data stored in memory 830 or based on operations
executed by processor 810 or both. In one example, graphics interface 840 generates a display based on data stored in
memory 830 or based on operations executed by processor 810 or both.
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[0096] Accelerators 842 can be a fixed function offload engine that can be accessed or used by a processor 810. For
example, anaccelerator amongaccelerators842canprovidecompression (DC)capability, cryptographyservicessuchas
public keyencryption (PKE), cipher, hash/authentication capabilities, decryption, or other capabilities or services. In some
embodiments, in addition or alternatively, an accelerator among accelerators 842 provides field select controller
capabilities as described herein. In some cases, accelerators 842 can be integrated into a CPU socket (e.g., a connector
to a motherboard or circuit board that includes a CPU and provides an electrical interface with the CPU). For example,
accelerators 842 can include a single or multi-core processor, graphics processing unit, logical execution unit single or
multi-level cache, functional units usable to independently execute programs or threads, application specific integrated
circuits (ASICs), neural network processors (NNPs), programmable control logic, and programmable processing ele-
ments such as field programmable gate arrays (FPGAs). Accelerators 842 can provide multiple neural networks, CPUs,
processor cores, general purpose graphics processing units, or graphics processing units can be made available for use
by artificial intelligence (AI) or machine learning (ML) models. For example, the AI model can use or include any or a
combination of: a reinforcement learning scheme, Q-learning scheme, deep-Q learning, or Asynchronous Advantage
Actor-Critic (A3C), combinatorial neural network, recurrent combinatorial neural network, or otherAI orMLmodel.Multiple
neural networks, processor cores, or graphics processing units can be made available for use by AI or ML models.
[0097] Memory subsystem 820 represents the main memory of system 800 and provides storage for code to be
executed by processor 810, or data values to be used in executing a routine. Memory subsystem 820 can include one or
more memory devices 830 such as read-only memory (ROM), flash memory, one or more varieties of random access
memory (RAM)suchasDRAM,or othermemorydevices, or a combinationof suchdevices.Memory830storesandhosts,
among other things, operating system (OS) 832 to provide a software platform for execution of instructions in system 800.
Additionally, applications 834 can execute on the software platform of OS 832 from memory 830. Applications 834
represent programs that have their own operational logic to perform execution of one or more functions. Processes 836
represent agents or routines that provide auxiliary functions to OS 832 or one or more applications 834 or a combination.
OS 832, applications 834, and processes 836 provide software logic to provide functions for system 800. In one example,
memory subsystem820 includesmemorycontroller 822,which isamemory controller togenerateand issuecommands to
memory830. It will beunderstood thatmemory controller 822could beaphysical part of processor 810or aphysical part of
interface 812. For example, memory controller 822 can be an integrated memory controller, integrated onto a circuit with
processor 810.
[0098] While not specifically illustrated, it will be understood that system 800 can include one or more buses or bus
systems between devices, such as a memory bus, a graphics bus, interface buses, or others. Buses or other signal lines
can communicatively or electrically couple components together, or both communicatively and electrically couple the
components. Buses can include physical communication lines, point-to-point connections, bridges, adapters, controllers,
or other circuitry or a combination. Buses can include, for example, one ormore of a systembus, a Peripheral Component
Interconnect (PCI) bus, a Hyper Transport or industry standard architecture (ISA) bus, a small computer system interface
(SCSI) bus, a universal serial bus (USB), or an Institute of Electrical and Electronics Engineers (IEEE) standard 1394 bus
(Firewire).
[0099] In one example, system 800 includes interface 814, which can be coupled to interface 812. In one example,
interface 814 represents an interface circuit, which can include standalone components and integrated circuitry. In one
example, multiple user interface components or peripheral components, or both, couple to interface 814. Network
interface 850 provides system 800 the ability to communicate with remote devices (e.g., servers or other computing
devices) over one or more networks. Network interface 850 can include an Ethernet adapter, wireless interconnection
components, cellular network interconnection components, USB (universal serial bus), or other wired or wireless
standards-based or proprietary interfaces. Network interface 850 can transmit data to a device that is in the same data
center or rack or a remote device, which can include sending data stored in memory. Network interface 850 can receive
data from a remote device, which can include storing received data into memory. Various embodiments can be used in
connection with network interface 850, processor 810, and memory subsystem 820.
[0100] In one example, system 800 includes one or more input/output (I/O) interface(s) 860. I/O interface 860 can
include one or more interface components through which a user interacts with system 800 (e.g., audio, alphanumeric,
tactile/touch, or other interfacing). Peripheral interface 870 can include any hardware interface not specifically mentioned
above. Peripherals refer generally to devices that connect dependently to system 800. A dependent connection is one
where system 800 provides the software platform or hardware platform or both on which operation executes, and with
which a user interacts.
[0101] In one example, system 800 includes storage subsystem 880 to store data in a nonvolatile manner. In one
example, in certain system implementations, at least certain components of storage 880 can overlap with components of
memory subsystem 820. Storage subsystem 880 includes storage device(s) 884, which can be or include any conven-
tional medium for storing large amounts of data in a nonvolatile manner, such as one or more magnetic, solid state, or
optical based disks, or a combination. Storage 884 holds code or instructions and data 886 in a persistent state (i.e., the
value is retained despite interruption of power to system 800). Storage 884 can be generically considered to be a
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"memory," although memory 830 is typically the executing or operating memory to provide instructions to processor 810.
Whereas storage 884 is nonvolatile, memory 830 can include volatile memory (i.e., the value or state of the data is
indeterminate if power is interrupted to system 800). In one example, storage subsystem 880 includes controller 882 to
interfacewith storage 884. In one example controller 882 is a physical part of interface 814or processor 810 or can include
circuits or logic in both processor 810 and interface 814.
[0102] A volatile memory is memory whose state (and therefore the data stored in it) is indeterminate if power is
interrupted to the device. Dynamic volatilememory requires refreshing the data stored in the device tomaintain state.One
example of dynamic volatile memory incudes DRAM (Dynamic Random Access Memory), or some variant such as
Synchronous DRAM (SDRAM). A memory subsystem as described herein may be compatible with a number of memory
technologies, suchasDDR3 (DoubleDataRateversion3, original releasebyJEDEC(JointElectronicDeviceEngineering
Council) on June 27, 2007). DDR4 (DDR version 4, initial specification published in September 2012 by JEDEC), DDR4E
(DDRversion 4), LPDDR3 (LowPowerDDRversion3, JESD209‑3B, August 2013 by JEDEC), LPDDR4) LPDDRversion
4, JESD209‑4, originally published by JEDEC in August 2014),WIO2 (Wide Input/output version 2, JESD229‑2 originally
publishedbyJEDEC inAugust 2014,HBM(HighBandwidthMemory, JESD325, originally publishedby JEDEC inOctober
2013, LPDDR5 (currently in discussionby JEDEC),HBM2 (HBMversion2), currently in discussionby JEDEC,or others or
combinations of memory technologies, and technologies based on derivatives or extensions of such specifications. The
JEDEC standards are available at www.jedec.org.
[0103] A non-volatile memory (NVM) device is a memory whose state is determinate even if power is interrupted to the
device. In one embodiment, the NVM device can comprise a block addressable memory device, such as NAND
technologies, or more specifically, multi-threshold level NAND flash memory (for example, Single-Level Cell ("SLC"),
Multi-Level Cell ("MLC"), Quad-Level Cell ("QLC"), Tri-Level Cell ("TLC"), or some other NAND). A NVM device can also
comprise a byte-addressable write-in-place three dimensional cross point memory device, or other byte addressable
write-in-place NVM device (also referred to as persistent memory), such as single or multi-level Phase Change Memory
(PCM) or phase change memory with a switch (PCMS), NVM devices that use chalcogenide phase change material (for
example, chalcogenide glass), resistive memory including metal oxide base, oxygen vacancy base and Conductive
Bridge Random Access Memory (CB-RAM), nanowire memory, ferroelectric random access memory (FeRAM, FRAM),
magneto resistive random access memory (MRAM) that incorporates memristor technology, spin transfer torque
(STT)‑MRAM, a spintronic magnetic junction memory based device, a magnetic tunneling junction (MTJ) based device,
a DW (Domain Wall) and SOT (Spin Orbit Transfer) based device, a thyristor based memory device, or a combination of
any of the above, or other memory.
[0104] Apower source (not depicted) provides power to the components of system800.More specifically, power source
typically interfaces to one or multiple power supplies in system 800 to provide power to the components of system 800. In
oneexample, thepower supply includesanAC toDC(alternating current to direct current) adapter toplug intoawall outlet.
Such AC power can be renewable energy (e.g., solar power) power source. In one example, power source includes a DC
power source, such as an external AC to DC converter. In one example, power source or power supply includes wireless
charginghardware to chargeviaproximity toachargingfield. Inoneexample, powersourcecan includean internal battery,
alternating current supply, motion-based power supply, solar power supply, or fuel cell source.
[0105] In an example, system 800 can be implemented using interconnected compute sleds of processors, memories,
storages, network interfaces, and other components. High speed interconnects can be used such as PCIe, Ethernet, or
optical interconnects (or a combination thereof).
[0106] Embodiments herein may be implemented in various types of computing and networking equipment, such as
switches, routers, racks, and blade servers such as those employed in a data center and/or server farm environment. The
serversused indatacentersandserver farmscomprisearrayedserver configurationssuchas rack-basedserversorblade
servers. These servers are interconnected in communication via various network provisions, such as partitioning sets of
servers into Local Area Networks (LANs) with appropriate switching and routing facilities between the LANs to form a
private Intranet. For example, cloud hosting facilitiesmay typically employ large data centerswith amultitude of servers. A
blade comprises a separate computing platform that is configured to perform server-type functions, that is, a "server on a
card." Accordingly, each blade includes components common to conventional servers, including a main printed circuit
board (main board) providing internal wiring (i.e., buses) for coupling appropriate integrated circuits (ICs) and other
components mounted to the board.
[0107] FIG. 9 depicts an example of a data center. As shown in FIG. 9, data center 900may include an optical fabric 912.
Variousembodiments canbeused in fabric912.Optical fabric 912maygenerally includeacombinationofoptical signaling
media (such as optical cabling) and optical switching infrastructure via which any particular sled in data center 900 can
send signals to (and receive signals from) the other sleds in data center 900. The signaling connectivity that optical fabric
912 provides to any given sled may include connectivity both to other sleds in a same rack and sleds in other racks. Data
center 900 includes four racks 902A to 902Dand racks 902A to 902D house respective pairs of sleds 904A‑1 and 904A‑2,
904B‑1 and 904B‑2, 904C‑1 and 904C‑2, and 904D‑1 and 904D‑2. Thus, in this example, data center 900 includes a total
of eight sleds. Optical fabric 912 can provide sled signaling connectivity with one or more of the seven other sleds. For
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example, via optical fabric 912, sled 904A‑1 in rack 902A may possess signaling connectivity with sled 904A‑2 in rack
902A, as well as the six other sleds 904B‑1, 904B‑2, 904C‑1, 904C‑2, 904D‑1, and 904D‑2 that are distributed among the
other racks 902B, 902C, and 902D of data center 900. The embodiments are not limited to this example. For example,
fabric 912 can provide optical and/or electrical signaling.
[0108] FIG.10depictsanenvironment1000 includesmultiple computing racks1002,each includingaTopofRack (ToR)
switch1004,apodmanager1006,andaplurality of pooledsystemdrawers.Variousembodiments canbeused inaswitch.
Generally, the pooled system drawers may include pooled compute drawers and pooled storage drawers. Optionally, the
pooled systemdrawersmay also include pooledmemory drawers andpooled Input/Output (I/O) drawers. In the illustrated
embodiment the pooled system drawers include an INTEL®XEON® pooled computer drawer 1008, and INTEL®ATOM™

pooled compute drawer 1010, a pooled storage drawer 1012, a pooled memory drawer 1014, and a pooled I/O drawer
1016. Each of the pooled system drawers is connected to ToR switch 1004 via a high-speed link 1018, such as a 40
Gigabit/second (Gb/s) or 100Gb/s Ethernet link or an 100+ Gb/s Silicon Photonics (SiPh) optical link. In one embodiment
high-speed link 1018 comprises an 800 Gb/s SiPh optical link.
[0109] Multiple of the computing racks 1000 may be interconnected via their ToR switches 1004 (e.g., to a pod-level
switch or data center switch), as illustrated by connections to a network 1020. In someembodiments, groups of computing
racks 1002aremanagedas separate pods via podmanager(s) 1006. In one embodiment, a single podmanager is used to
manage all of the racks in the pod. Alternatively, distributed podmanagersmay be used for podmanagement operations.
[0110] RSDenvironment 1000 further includes amanagement interface 1022 that is used tomanage various aspects of
the RSD environment. This includes managing rack configuration, with corresponding parameters stored as rack
configuration data 1024.
[0111] Various examples may be implemented using hardware elements, software elements, or a combination of both.
In some examples, hardware elements may include devices, components, processors, microprocessors, circuits, circuit
elements (e.g., transistors, resistors, capacitors, inductors, andso forth), integrated circuits,ASICs,PLDs,DSPs,FPGAs,
memory units, logic gates, registers, semiconductor device, chips,microchips, chip sets, and so forth. In some examples,
softwareelementsmay includesoftwarecomponents, programs,applications, computerprograms,applicationprograms,
system programs, machine programs, operating system software, middleware, firmware, software modules, routines,
subroutines, functions,methods, procedures, software interfaces,APIs, instructionsets, computingcode, computer code,
code segments, computer code segments, words, values, symbols, or any combination thereof. Determining whether an
example is implemented using hardware elements and/or software elements may vary in accordance with any number of
factors, such as desired computational rate, power levels, heat tolerances, processing cycle budget, input data rates,
output data rates,memory resources, databusspeedsandother designor performanceconstraints, asdesired for agiven
implementation. It is noted that hardware, firmware and/or software elementsmaybe collectively or individually referred to
herein as "module," "logic," "circuit," or "circuitry." A processor can be one or more combination of a hardware state
machine, digital control logic, central processing unit, or any hardware, firmware and/or software elements.
[0112] Some examples may be implemented using or as an article of manufacture or at least one computer-readable
medium.Acomputer-readablemediummay includeanon-transitory storagemedium tostore logic. In someexamples, the
non-transitory storage medium may include one or more types of computer-readable storage media capable of storing
electronic data, including volatilememoryor non-volatilememory, removable or non-removablememory, erasable or non-
erasable memory, writeable or re-writeable memory, and so forth. In some examples, the logic may include various
software elements, such as software components, programs, applications, computer programs, application programs,
system programs, machine programs, operating system software, middleware, firmware, software modules, routines,
subroutines, functions, methods, procedures, software interfaces, API, instruction sets, computing code, computer code,
code segments, computer code segments, words, values, symbols, or any combination thereof.
[0113] According to some examples, a computer-readable medium may include a non-transitory storage medium to
store or maintain instructions that when executed by a machine, computing device or system, cause the machine,
computing device or system to perform methods and/or operations in accordance with the described examples. The
instructions may include any suitable type of code, such as source code, compiled code, interpreted code, executable
code, static code, dynamic code, and the like. The instructions may be implemented according to a predefined computer
language, manner or syntax, for instructing a machine, computing device or system to perform a certain function. The
instructions may be implemented using any suitable high-level, low-level, object-oriented, visual, compiled and/or
interpreted programming language.
[0114] One or more aspects of at least one example may be implemented by representative instructions stored on at
least onemachine-readablemediumwhich represents various logic within the processor, whichwhen read by amachine,
computing device or systemcauses themachine, computing device or system to fabricate logic to perform the techniques
described herein. Such representations, known as "IP cores"may be stored on a tangible,machine readablemediumand
supplied to various customers ormanufacturing facilities to load into the fabricationmachines that actually make the logic
or processor.
[0115] The appearances of the phrase "one example" or "an example" are not necessarily all referring to the same
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example or embodiment. Any aspect described herein can be combinedwith any other aspect or similar aspect described
herein, regardless of whether the aspects are described with respect to the same figure or element. Division, omission or
inclusion of block functions depicted in the accompanying figures does not infer that the hardware components, circuits,
software and/or elements for implementing these functions would necessarily be divided, omitted, or included in
embodiments.
[0116] Some examples may be described using the expression "coupled" and "connected" along with their derivatives.
These terms are not necessarily intended as synonyms for each other. For example, descriptions using the terms
"connected" and/or "coupled" may indicate that two or more elements are in direct physical or electrical contact with each
other. The term "coupled," however,may alsomean that twoormore elements are not in direct contactwith each other, but
yet still co-operate or interact with each other.
[0117] The terms "first," "second," and the like, herein do not denote any order, quantity, or importance, but rather are
used todistinguishoneelement fromanother.The terms "a"and "an"hereindonot denotea limitationofquantity, but rather
denote the presence of at least one of the referenced items. The term "asserted" used herein with reference to a signal
denoteastateof thesignal, inwhich thesignal is active, andwhich canbeachievedbyapplyingany logic level either logic 0
or logic 1 to the signal. The terms "follow" or "after" can refer to immediately following or following after someother event or
events. Other sequences of stepsmay also be performed according to alternative embodiments. Furthermore, additional
steps may be added or removed depending on the particular applications. Any combination of changes can be used and
one of ordinary skill in the art with the benefit of this disclosure would understand the many variations, modifications, and
alternative embodiments thereof.
[0118] Disjunctive language such as the phrase "at least one of X, Y, or Z," unless specifically stated otherwise, is
otherwise understood within the context as used in general to present that an item, term, etc., may be either X, Y, or Z, or
any combination thereof (e.g., X,Y, and/or Z). Thus, suchdisjunctive language is not generally intended to, and shouldnot,
imply that certain embodiments require at least one of X, at least one of Y, or at least one of Z to each be present.
Additionally, conjunctive language such as the phrase "at least one of X, Y, and Z," unless specifically stated otherwise,
should also be understood to mean X, Y, Z, or any combination thereof, including "X, Y, and/or Z.’"

Claims

1. Apacket switchingapparatus including amesh (110) comprising a rectangular array ofmemory tiles (306) arranged in
X and Y directions, the apparatus comprising:

a first node configured to receive a first operation; and
a second node connected to the first node, wherein the first node is configured to permit the first operation to
continue to the second node in the mesh (110) in a same direction in which the first node received the first
operation in themesh (110) unlessa secondoperation is available for transfer at the first node to the secondnode,
wherein the first node is configured to select the second operation if the second operation has a highest latency
estimate and wherein the same direction is either a X direction or a Y direction.

2. The packet switching apparatus of claim 1, comprising:

a third node coupled to the first node; and
amemorydevice coupled to the first node,wherein the first node comprisesadropoff router anda transmit queue
(408, 426, 504),whereineither orbothof thedropoff router and the transmit queue (408, 426, 504) is configured to
sort operations to permit output of an operation with a highest latency estimate and wherein the first node is
configured to

deliver thefirst operation to thememorydevice if thefirst operationhas reachedadestinationmemorydevice,
deliver the first operation to the third node if the operation encounters a turning operation, or
buffer the first operation in a queue if backpressure is applied by a node connected to the first node.

3. The packet switching apparatus of claim 2, wherein the first node is configured to permit an operation to continue in a
same direction if the transmit queue includes no operation.

4. The packet switching apparatus as in any one of claims 1‑3, comprising a node cache and wherein an operation
comprises a read responsedata that iswritten asone copy in thenode cacheandoutput using oneormore reads from
the node cache.

14

EP 3 758 318 B1

5

10

15

20

25

30

35

40

45

50

55



5. The packet switching apparatus as in any one of claims 1‑4, wherein an operation comprises one or more of: a write
request, write response, read request, read response, data, or a packet.

6. Thepacket switching apparatus as in any oneof claims 1‑5, comprising an egress subsystem (108) to egress packets
from the first node to a network.

7. The packet switching apparatus as in any one of claims 1‑6, comprising a server, data center, rack, or blade.

8. A method performed using a mesh comprising a rectangular array of memory tiles (306) arranged in X and Y
directions, the method comprising:

receiving a first operation at a first node in the mesh; and
permitting the first operation to continue to a second node connected to the first node in themesh (110) in a same
direction in which the first node received the first operation in the mesh (110) unless a second operation is
available for transfer at the first node to the secondnode,wherein the first node selects the secondoperation if the
second operation has a highest latency estimate and wherein the same direction is either a X direction or a Y
direction.

9. The method of claim 8, wherein the first node comprises a drop off router and a transmit queue (408, 426, 504),
wherein either or bothof the dropoff router and the transmit queue (408, 426, 504) is to sort operations to permit output
of an operation with a highest latency estimate,
wherein the first node delivers the first operation to amemory device coupled to the first node if the first operation has
reached a destination memory device, delivers the first operation to a third node coupled to the first node if the first
operation encounters a turning operation, or buffers the first operation in a queue if backpressure is applied by a node
connected to the first node.

10. Themethodof claim9,wherein the first nodepermits anoperation to continue in a samedirection if the transmit queue
includes no operation.

11. The method as in any one of claims 8‑10, wherein an operation comprises read response data that is written as one
copy in a node cache and output using one or more reads from the node cache.

12. The method as in any one of claims 8‑11, wherein an operation comprises one or more of: a write request, a write
response, a read request, a read response, data, or a packet.

13. The method as in any one of claims 8‑12, comprising egressing packets from the first node to a network.

14. A system (104) comprising:

at least one ingress port (102);
the packet switching apparatus as in any one of claims 1‑7; and
at least one egress port (112).

Patentansprüche

1. Paketvermittlungseinrichtung, die ein Netz (110) aufweist, das ein rechteckiges Array von Speicherkacheln (306)
umfasst, die in X‑ und Y-Richtung angeordnet sind, wobei die Einrichtung Folgendes umfasst:

einen ersten Knoten, der dazu ausgelegt ist, eine erste Operation zu empfangen;
einen zweiten Knoten, der mit dem ersten Knoten verbunden ist, wobei der erste Knoten dazu ausgelegt ist, zu
ermöglichen, dass die erste Operation zu dem zweiten Knoten in dem Netz (110) in einer gleichen Richtung
fortgesetzt wird, in der der erste Knoten die erste Operation in dem Netz (110) empfangen hat, sofern nicht eine
zweite Operation an dem ersten Knoten zur Übertragung an den zweiten Knoten verfügbar ist, wobei der erste
Knoten dazu ausgelegt ist, die zweite Operation auszuwählen, falls die zweite Operation eine höchste Latenz-
schätzung aufweist, und wobei die gleiche Richtung entweder eine X-Richtung oder eine Y-Richtung ist.

2. Paketvermittlungseinrichtung nach Anspruch 1, umfassend:
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einen dritten Knoten, der mit dem ersten Knoten gekoppelt ist; und
eineSpeichervorrichtung, diemit demerstenKnotengekoppelt ist,wobei der ersteKnoteneinenDrop-off-Router
und eine Sendewarteschlange (408, 426, 504) umfasst, wobei entweder der Drop-off-Router oder die Sende-
warteschlange (408, 426, 504) oder beidedazuausgelegt sind,Operationenzusortieren, umeineAusgabeeiner
Operation mit einer höchsten Latenzschätzung zu ermöglichen, und wobei der erste Knoten zu Folgendem
ausgelegt ist:

Liefern der ersten Operation an die Speichervorrichtung, falls die erste Operation eine Zielspeichervor-
richtung erreicht hat,
Liefern der ersten Operation an den dritten Knoten, falls die Operation auf eine Wendeoperation trifft, oder
PufferndererstenOperation ineinerWarteschlange,wenneinGegendruckdurcheinenKnotenangewendet
wird, der mit dem ersten Knoten verbunden ist.

3. PaketvermittlungseinrichtungnachAnspruch2,wobeiderersteKnotendazuausgelegt ist, zuermöglichen, dasseine
Operation in einer gleichen Richtung fortgesetzt wird, falls die Sendewarteschlange keine Operation aufweist.

4. Paketvermittlungseinrichtung nach einem der Ansprüche 1‑3, umfassend einen Knoten-Cache und wobei eine
Operation Leseantwortdaten umfasst, die als eine Kopie in den Knoten-Cache geschrieben und unter Verwendung
eines oder mehrerer Lesevorgänge aus dem Knoten-Cache ausgegeben werden.

5. Paketvermittlungseinrichtung nach einem der Ansprüche 1‑4, wobei eine Operation eines oder mehrere von
Folgenden umfasst: eine Schreibanforderung, eine Schreibantwort, eine Leseanforderung, eine Leseantwort, Daten
oder ein Paket.

6. Paketvermittlungseinrichtung nach einem der Ansprüche 1‑5, umfassend ein Egress-Subsystem (108) zumWeiter-
geben von Paketen von dem ersten Knoten an ein Netzwerk umfasst.

7. Paketvermittlungseinrichtung nach einem der Ansprüche 1‑6, umfassend einen Server, ein Rechenzentrum, ein
Rack oder ein Blade.

8. Verfahren, das unter Verwendung eines Netzes durchgeführt wird, das ein rechteckiges Array von Speicherkacheln
(306) umfasst, die in X‑ und Y-Richtung angeordnet sind, wobei das Verfahren Folgendes umfasst:

Empfangen einer ersten Operation an einem ersten Knoten in dem Netz; und
Ermöglichen, dass die erste Operation zu einem zweiten Knoten, der mit dem ersten Knoten in dem Netz (110)
verbunden ist, in einer gleichenRichtung fortgesetztwird, in der der ersteKnoten die ersteOperation in demNetz
(110) empfangen hat, sofern nicht eine zweite Operation an dem ersten Knoten zur Übertragung an den zweiten
Knoten verfügbar ist, wobei der erste Knoten die zweite Operation auswählt, falls die zweite Operation eine
höchste Latenzschätzung aufweist, und wobei die gleiche Richtung entweder eine X-Richtung oder eine Y-
Richtung ist.

9. Verfahren nach Anspruch 8, wobei der erste Knoten einenDrop-off-Router und eine Sendewarteschlange (408, 426,
504) umfasst, wobei entweder der Drop-off-Router oder die Sendewarteschlange (408, 426, 504) oder beide
Operationen sortieren, um eine Ausgabe einer Operation mit einer höchsten Latenzschätzung zu ermöglichen,
wobei der erste Knoten die erste Operation an eine Speichervorrichtung liefert, die mit dem ersten Knoten gekoppelt
ist, falls die erste Operation eine Zielspeichervorrichtung erreicht hat, die erste Operation an einen dritten Knoten
liefert, dermit dem ersten Knoten gekoppelt ist, falls die ersteOperation auf eineWendeoperation trifft, oder die erste
Operation in einer Warteschlange puffert, falls ein Gegendruck durch einen Knoten angewendet wird, der mit dem
ersten Knoten verbunden ist.

10. Verfahren nach Anspruch 9, wobei der erste Knoten ermöglicht, dass eine Operation in einer gleichen Richtung
fortgesetzt wird, falls die Sendewarteschlange keine Operation aufweist.

11. Verfahren nach einem der Ansprüche 8‑10, wobei eine Operation Leseantwortdaten umfasst, die als eine Kopie in
einen Knoten-Cache geschrieben und unter Verwendung eines oder mehrerer Lesevorgänge aus dem Knoten-
Cache ausgegeben werden.

12. Verfahren nach einem der Ansprüche 8‑11, wobei eine Operation eines oder mehrere von Folgenden umfasst: eine

16

EP 3 758 318 B1

5

10

15

20

25

30

35

40

45

50

55



Schreibanforderung, eine Schreibantwort, eine Leseanforderung, eine Leseantwort, Daten oder ein Paket.

13. Verfahren nach einem der Ansprüche 8‑12, umfassend Weitergeben von Paketen von dem ersten Knoten an ein
Netzwerk.

14. System (104), umfassend:

mindestens einen Ingress-Port (102);
die Paketvermittlungseinrichtung nach einem der Ansprüche 1‑7; und
mindestens einen Egress-Port (112).

Revendications

1. Appareil de commutation de paquets comprenant unemaille (110) comprenant un réseau rectangulaire de pavés de
mémoire (306) disposés dans des directions X et Y, l’appareil comprenant :

un premier nœud configuré pour recevoir une première opération ; et
un deuxième nœud connecté au premier nœud, dans lequel le premier nœud est configuré pour permettre à la
première opération de se poursuivre vers le deuxième nœud dans la maille (110) dans la même direction dans
laquelle le premier nœud a reçu la première opération dans la maille (110) sauf si une seconde opération est
disponible pour le transfert du premier nœudaudeuxièmenœud, dans lequel le premier nœudest configurépour
sélectionner la seconde opération si la seconde opération a une latence estimée la plus élevée et dans lequel la
même direction est soit une direction X, soit une direction Y.

2. Appareil de commutation de paquets selon la revendication 1, comprenant :

un troisième nœud couplé au premier nœud ; et
un dispositif demémoire couplé au premier nœud, dans lequel le premier nœud comprend un routeur de dépôt et
une file d’attente de transmission (408, 426, 504), dans lequel l’un ou l’autre du routeur de dépôt et de la file
d’attentede transmission (408, 426, 504) ou lesdeuxest/sont configuréspour trier desopérationspour permettre
la sortie d’une opération ayant une latence estimée la plus élevée et dans lequel le premier nœud est configuré
pour :

délivrer la première opération au dispositif de mémoire si la première opération a atteint un dispositif de
mémoire de destination,
délivrer la première opération au troisième nœud si l’opération rencontre une opération de détour, ou
mettre la premièreopérationenmémoire tampondansunefile d’attente si unecontre-pressionest appliquée
par un nœud connecté au premier nœud.

3. Appareil de commutation de paquets selon la revendication 2, dans lequel le premier nœud est configuré pour
permettre à une opération de se poursuivre dans unemême direction si la file d’attente de transmission ne comprend
aucune opération.

4. Appareil de commutation de paquets selon l’une quelconque des revendications 1 à 3, comprenant une mémoire
cache de nœuds et dans lequel une opération comprend des données de réponse de lecture qui sont écrites sous
forme d’une copie dans la mémoire cache de nœuds et délivrées à l’aide d’une ou plusieurs lectures à partir de la
mémoire cache de nœuds.

5. Appareil de commutation de paquets selon l’une quelconque des revendications 1 à 4, dans lequel une opération
comprend un ou plusieurs des éléments suivants : une demande d’écriture, une réponse d’écriture, une demande de
lecture, une réponse de lecture, des données ou un paquet.

6. Appareil de commutation de paquets selon l’une quelconque des revendications 1 à 5, comprenant un sous-système
de sortie (108) pour faire sortir des paquets depuis le premier nœud vers un réseau.

7. Appareil de commutation de paquets selon l’une quelconque des revendications 1 à 6, comprenant un serveur, un
centre de données, un bâti ou un serveur lame.
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8. Procédéexécuté à l’aided’unemaille comprenant un réseau rectangulaire depavésdemémoire (306) disposésdans
des directions X et Y, le procédé comprenant :

la réception d’une première opération sur un premier nœud dans la maille ; et
l’autorisation à la première opération de se poursuivre vers un deuxième nœud connecté au premier nœud dans
lamaille (110) dans lamême direction dans laquelle le premier nœud a reçu la première opération dans lamaille
(110) sauf si une seconde opération est disponible pour le transfert du premier nœud au deuxième nœud, dans
lequel le premier nœud sélectionne la seconde opération si la seconde opération a une latence estimée la plus
élevée et dans lequel la même direction est soit une direction X, soit une direction Y.

9. Procédé selon la revendication 8, dans lequel le premier nœud comprend un routeur de dépôt et une file d’attente de
transmission (408, 426, 504), dans lequel l’unou l’autredu routeur dedépôt et de la filed’attentede transmission (408,
426, 504) ou les deux sert à trier des opérations pour permettre la sortie d’une opération ayant une latence estimée la
plus élevée, dans lequel le premier nœud délivre la première opération à un dispositif de mémoire couplé au premier
nœud si la première opération a atteint un dispositif de mémoire de destination, délivre la première opération à un
troisième nœud couplé au premier nœud si la première opération rencontre une opération de détour, ou met la
première opération en mémoire tampon dans une file d’attente si une contre-pression est appliquée par un nœud
connecté au premier nœud.

10. Procédé selon la revendication 9, dans lequel le premier nœud permet à une opération de se poursuivre dans une
même direction si la file d’attente de transmission ne comprend aucune opération.

11. Procédé selon l’une quelconque des revendications 8 à 10, dans lequel une opération comprend des données de
réponse de lecture qui sont écrites sous forme d’une copie dans une mémoire cache de nœuds et délivrées à l’aide
d’une ou plusieurs lectures à partir de la mémoire cache de nœuds.

12. Procédé selon l’une quelconque des revendications 8 à 11, dans lequel une opération comprend un ou plusieurs des
élémentssuivants :unedemanded’écriture, une réponsed’écriture, unedemandede lecture, une réponsede lecture,
des données ou un paquet.

13. Procédé selon l’une quelconque des revendications 8 à 12, comprenant la sortie de paquets depuis le premier nœud
vers un réseau.

14. Système (104) comprenant :

au moins un port d’entrée (102) ;
l’appareil de commutation de paquets selon l’une quelconque des revendications 1 à 7 ; et
au moins un port de sortie (112).
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